Postulated roles for p21
Waf1/Cip1/Sdi1 (p21) in DNA repair and apoptosis remain controversial. Studies suggest both stimulatory and inhibitory eects of p21 in DNA repair. p21 has also been implicated in induction or protection from apoptosis. Using the tetracycline inducible expression system, we studied the role of p21 in DNA repair and apoptosis in wild-type p53 de®cient DLD1 colorectal carcinoma cells. These cells displayed marked heterogeneity in their ability to tolerate higher levels of exogenous p21. The majority of the p21 overexpressing cells grew slower and did not exhibit apoptotic phenotype, some cells underwent apoptotic death within 5 ± 8 days following p21 induction while other became giant cells prior to undergoing cell death. Induction of p21 transgene neither sensitized to nor protected from adriamycin-induced acute cell death. p21 also did not alter the clonogenic survival following adriamycin treatment. Clonogenic survival after u.v.-irradiation was, however, increased when p21 expression was transiently induced a few hours before and after u.v.-irradiation. Consistent with its eect on clonogenic survival, p21 also enhanced the cellular capacity to repair three dierent exogenously introduced u.v.-damaged reporter plasmids. Taken together our results demonstrate that p21 may modulate the nucleotide excision repair process to facilitate the repair of u.v.-type DNA damage even in the absence of wild-type p53.
Keywords: excision repair; cell death; adriamycin; u.v.-irradiation; p53 de®cient cells p21 WAF1/CIP1/SDI1 (hereafter referred to as p21) is a p53-regulated gene that was independently identi®ed by several groups (El-Deiry et al., 1993; Harper et al., 1993; Xiong et al., 1993; Noda et al., 1994) . The p21 gene can also be regulated independently of p53 (Sheikh et al., 1994; Michieli et al., 1994) and encodes a protein of 21 kDa which functions as a cyclindependent kinase (cdk) inhibitor, and has been shown to predominantly block G 1 -S phase cell cycle transition (reviewed in Sherr and Roberts, 1995) . p21 has also been shown to inhibit PCNA activity and thereby block DNA replication (reviewed in Sherr and Roberts, 1995) . Postulated roles for p21 in DNA repair and apoptosis (induction or protection from), however, remain controversial.
u.v.-irradiation-induced DNA damage is predominately repaired via the nucleotide excision repair (NER) pathway and requires functional PCNA (reviewed in Sancar, 1994) . Since p21 physically interacts with PCNA (reviewed in Sherr and Roberts, 1995) , the possibility that p21 might also pay a role in NER has been investigated. Initial studies aimed at elucidating a potential role for p21 in DNA repair have, however, reported con¯icting results. Li et al. (1994) found that although p21 was able to inhibit PCNA-mediated DNA replication, it had no eect on NER. Shivji et al. (1994) have also reported similar ®ndings. Pan et al. (1995) by contrast reported an inhibitory eect of p21 on NER.
Although the above mentioned studies utilized similar in vitro assay systems and recombinant p21 protein to investigate its eect on DNA repair, the basis for the disparate ®ndings remains unclear.
More recently, McDonald et al. (1996) have reported that the p21
HCT116 human colon carcinoma cells were less pro®cient in repair of u.v. or cis-platinum-damaged plasmid DNA than were the parental cells which retained p21. They further noted that the p21 7/7 cells were more sensitive to killing by u.v.-irradiation than their p21 +/+ counterparts. They concluded that p21 may directly participate in modulating the NER pathway (McDonald et al., 1996) . Unlike u.v.-irradiation, the DNA damage induced by adriamycin or g-irradiation generates DNA strand breaks and other types of DNA damage that is repaired primarily by non-NER mechanisms. Using the same HCT 116 cells, Waldman et al. (1996) recently demonstrated that the p21 7/7} cells were also more sensitive to killing by adriamycin and girradiation that their p21 +/+ counterparts. Adriamycin-induced DNA damage results primarily in G 1 cell cycle arrest, and adriamycin was unable to induce G 1 arrest in p21 7/7 cells due to the absence of p21 (Waldman et al., 1995 . The inability of p21 7/7 cells to arrest in G 1 was thought to be the underlying cause of their enhanced sensitivity to killing by adriamycin .
Other studies have also reported that p21 appears to protect from apoptosis (Wang and Walsh, 1996) . However, it still remains to be established whether indeed p21 protects cells from death by providing a temporal barrier such as G 1 arrest and consequently the time to mend the cellular damages. There is evidence to suggest that p21 may not play a role in apoptosis (Steinman et al., 1994; Zhang et al., 1995; Kobayashi et al., 1995; Attardi et al., 1996) . In a number of studies, however, marked upregulation of endogenous p21 has been reported to be coupled with induction of p53-dependent or independent apoptosis in various cell types in response to certain agents (El-Deiry et al., 1994; Shao et al., 1995; Blagosklonny et al., 1995 Yang et al., 1996; Lin et al., 1996; Sheikh et al., 1996) . Taxol is known to block cell cycle progression in M-phase and was shown to concomitantly induce apoptosis and p21 expression in breast carcinoma cells (Blagosklonny et al., 1995 . We have recently reported that okadaic acid-induced apoptosis in human breast carcinoma cells was also coupled with cell cycle-independent upregulation of endogenous p21 (Sheikh et al., 1996) . There is evidence that etoposide treatment markedly increases the endogenous p21 levels prior to induction of apoptotic death in the human breast cancer cell line ZR-75 (Sheikh et al., 1994) and lung cancer cell line A549 (Huang et al., submitted) . In fact enforced overexpression of p21 from a constitutive promoter has been shown to induce aberrant cell morphology and cell death in human breast carcinoma cells . More recently, Prabu et al. (1996) demonstrated that adenovirus mediated gene transfer of p21 cDNA lacking the PCNA interaction domain was sucient to induce apoptosis in colon cancer cells. The question, therefore, remains as to why p21 confers a protective eect from death in some systems while it does not protect from death in the others even when its expression is increased either prior to or concomitant with the induction of apoptosis. Clearly, p21 has emerged as an important cellular molecule with the capability to modulate vital cellular processes. Further studies are needed to better elucidate its role in the controversial issues such as DNA repair and cell death.
In this study we utilized DLD1 colorectal carcinoma cells stably transfected with exogenous p21 under the control of a tetracycline repressible promoter (Gossen and Bujard, 1992) . In this system the expression of exogenous p21 is completely repressed in the presence of tetracycline and can be induced within 6 h of tetracycline removal from the growth medium . This experimental system oered us an opportunity to directly assess, in a well controlled manner, the role of p21 in DNA repair and cell death. We reasoned that if indeed the absence of p21 sensitizes the cells to killing by adriamycin and u.v. as was reported recently (McDonald et al., 1996; Waldman et al., 1996) , then the induction of p21 should, in principle, protect the cells from death induced by these agents. Unlike the previous studies that have used either (i) an in vitro model system Shivji et al., 1994; Pan et al., 1995) or (ii) utilized mainly p53 wild-type cells (McDonald et al., 1996) to investigate the role of p21 in DNA repair, we used a tetracycline-inducible p21 system, in a p53-de®cient cellular background, to assess whether p21, in the absence of wild-type p53 is sucient to play any role (either directly or indirectly) in DNA repair. The inducible expression system is well suited for such studies because it allows one to manipulate only the levels of p21 in the cell while minimizing other variables.
We ®rst investigated the eects of overexpression of exogenous p21 in DLD1 colorectal carcinoma cells. In our initial experiments we noted that these cells grow fast and start to spontaneously undergo cell death upon reaching con¯uency. To avoid this problem we initiated experiments in which cells were seeded at a very low density (in 100 mm tissue culture plates) so that each cell should give rise to a single colony. Approximately 24 h later the plates were divided into two groups. In one group, p21 expression was induced by omission of tetracycline from the culture medium, while it was repressed in the second group by inclusion of tetracycline in the medium. Tetracycline was replenished every day to avoid leakiness in the expression of p21. The fate of these cells was then monitored as a function of time and is described as follows.
Cells growing in the presence or absence of tetracycline were morphologically indistinguishable until day 3. However, on day 5, the p21 overexpressing cells visibly diered from those in which p21 was kept repressed and exhibited a heterogeneous response to constantly elevated levels of exogenous p21. For example, (i) the majority of these cells generally grew slower and formed smaller colonies than those in which p21 was kept repressed. The average colony size after 5 and 8 days of Figure 1b , compare panel 1 with panels 2 and 3). These cells ultimately became rounded and refractile prior to detaching from plates. All these features are a morphological hallmark of apoptotic death (Isaac, 1994) . Clearly however, p21 overexpression did not induce massive cell killing. Since some cells underwent apoptosis in response to p21 induction, while others were apparently able to tolerate higher levels of exogenous p21, the quantitative data were obtained by counting (i) the number of well isolated apoptotic cells and (ii) the number of colonies exhibiting 50% or more apoptotic cells ( . Approximately 400 ± 500 cells per 100 mm plates were seeded in medium supplemented with tetracycline for 24 h. Cells were washed three times with PBS and medium with or without tetracycline was added to respective plates and their fate was followed as a function of time. To quantitate the number of giant cells, all plates were completely scanned. The values are expressed as percent giant cells in each plates harvested on indicated day. The mean of two independent experiments are shown (errors bar=s.e.m.). (b) Photomicrographs showing the morphology of DLD1 cells 9 days after growth in the presence of tetracycline (p21`o') or 8 days after growth in the absence of tetracycline (p21`on'). Photomicrographs depict the phase contrast images as well as the nuclei of the same cells ®xed and stained with 4', 6-diamidino-2-phenylindole (DAPI) as described previously . Photographs were taken at 2006 magni®cation using an Olympus¯uoresent microscope. Note the increase in the size of cells 8 days following p21 induction (compare panel 1 with panels 2 and 3) Role of p21 in cell death and DNA repair MS Sheikh et al following p21 induction). The results presented in Table 1 show that the plates in which p21 expression was turned`on' had more apoptotic cells than the comparable plates in which it was turned`o'. The morphological features of cells in which p21 expression was kept induced or repressed are illustrated as representative photomicrographs in Figure 1b We next sought to investigate whether the presence or absence of high levels of p21 would aect adriamycin-induced cell death. Waldman et al. (1996) have recently reported that, in a short term nonclonogenic assay, the p21 knockout HCT 116 cells (p21
) were more sensitive to acute killing by adriamycin than their p21 +/+ counterparts. After 30 h of adriamycin (200 nM) treatment, the p21 +/+ cells were typically arrested in G 1 and G 2 while the p21 7/7 cells arrested only in G 2 ; a prolonged treatment with adriamycin, while not eecting p21 +/+ cells, induced polyploidy and apoptosis in p21 7/7 cells . Similar results were also reported in DLD1 colorectal carcinoma cells; DLD1 cells, carrying both mutated alleles of p53, constitutively express very low levels of endogenous p21 and were considered functionally equivalent to p21 7/7 cells . Adriamycin normally induces the expression of endogenous p21 in cells with wild-type p53 function but not in cells such as DLD1 that harbor mutant p53 . We investigated whether elevated levels of p21 would modulate the adriamycin eects in DLD1 colorectal carcinoma cells. Cells plated at low density were divided into three groups, in group one p21 was kept repressed, in group two p21 was transiently induced for 24 h and then repressed at the time of adriamycin addition, while group three cells had p21`on' during the course of experiment. Cells were treated with 200 nM adriamycin for 48 h. The results presented in Table 2 show that there was no dierence in the number of apoptotic cells after adriamycin treatment irrespective of whether p21 was (i) kept repressed, (ii) transiently induced and then repressed or (iii) kept continuously induced through the course of adriamycin treatment. Representative photomicrographs in Figure 2 depict the apoptotic cells which constantly expressed p21 during the course of adriamycin treatment. Thus, overexpression of p21 during or prior to adriamycin treatment neither sensitized to nor protected from adriamycin-induced cell death. Figure 3 shows the expression pro®le of p21 in the three groups of cells described above. These cells constitutively express very low levels of endogenous p21, the expression of the p21 transgene can be controlled by addition or removal of tetracycline ( Figure 3 compare lanes 1 ± 4 with lanes 5 ± 6) and adriamycin does not induce endogenous p21 in these (p53 mutant) cells.
We then investigated the p21 eect on clonogenic survival following adriamycin treatment and u.v.-irradiation. Both adriamycin and u.v.-irradiation are genotoxic agents; adriamycin induces DNA strand breaks and other lesions repaired predominately via non-NER mechanisms, while u.v.-irradiation generates pyrimidine dimers and other photo-products (reviewed in Friedberg et al., 1995) . Cells growing at a very low density in the presence of tetracycline were washed with PBS and refed with identical medium with or without tetracycline. Approximately 6 h later cells were exposed to adriamycin or u.v.-irradiation and kept in medium with or without tetracycline for another 20 h. Time course analysis revealed that exogenous p21 can be readily detected within 6 h after tetracycline removal in these cells (Chen et al., 1995) . The Cells at a very low density (approximately 400 ± 500 cells/plate) were seeded in 100 mm plates in tetracycline containing medium. Twentyfour hours later cells were washed three times with PBS and medium with or without tetracycline was added to respective plates. Cells were harvested at indicated times thereafter. Cells were ®xed and stained with DAPI as described previously (Skeikh et al., 1995) . The plates were completely scanned using a¯uorescent microscope and the colonies of four or more cells/colony exhibiting 50% or more apoptotic cells were counted. Apoptotic cells existing as one, two or three isolated cells were also counted. Apoptotic cells were readily identi®ed as those exhibiting morphological features such as chromatin condensation, nuclear fragmentation with membrane integrity preserved. See Figure 1b for comparison of non-apoptotic (panel 1) and apoptotic cells (panels 2 and 3). Since cells were seeded in the medium supplemented with tetracycline, the +Tet plates were in tetracycline for 1 additional day Cells were seeded in medium supplemented with tetracycline for approximately 24 h, washed three times and medium with (+Tet) or without (+/ ± Tet, ± Tet) tetracycline was added to respective plates. Approximately 6 h later adriamycin (200 nM) was added to respective plates for 48 h. Tetracycline was added to +/ ± Tet plates after keeping them in the absence of tetracycline for approximately 24 h. Cells were ®xed and stained with DAPI, plates were examined using a¯uorescent microscope and apoptotic cells were counted in several randomly selected ®elds. A minimum of 500 ± 600 cells per sample were counted in each case. Each value (in percentage) representing the mean of duplicate plates is expressed as the number of apoptotic nuclei over total number of nuclei counted rationale of this experimental strategy was to increase the p21 levels transiently at the time of DNA damage and a few hours thereafter. As shown previously, the transient induction of p21 for 24 h does not induce alterations in the growth pro®le of these cells . We reasoned that if p21 enhances DNA repair, then elevated levels of p21 at the time of DNA damage should facilitate ecient DNA repair, which should result in enhanced clonogenic survival. Alternatively, if p21 inhibits DNA repair, then that would be re¯ected as a decrease in clonogenic survival. The results presented in Figure 4 ) were, however, highly toxic and the results were not informative (data not shown). Similar induction of p21, however, did not alter the clonogenic survival after adriamycin treatment (data not shown).
Thus, p21 appears to protect cells from u.v.-type DNA damage, but not from other classes of DNA damage, at least as is shown for adriamycin in the present study.
To further investigate the role of p21 in pathways that control the repair of u.v.-type DNA damage, the ability of these cells to repair u.v.-damaged plasmid DNA was assessed. In these`host cell reactivation' experiments (Smith et al., 1995 (Smith et al., , 1996 , u.v.-damaged or undamaged plasmids carrying the chloramphenicol acetyl transferase gene under the control of SV40 promoter enhancer were introduced into cells growing in the presence of tetracycline. Host cell reactivation is based on the principle that pyrimidine dimers in particular, strongly block the transcription of damaged reporter genes, thus a reporter can be expressed only to the extent that the damage is repaired when transfected into a given cell line (Klocker et al., 1985; Protic et al., 1988; Smith et al., 1995 Smith et al., , 1996 . Twentyfour hours post-transfection, cells were harvested and divided into two groups. In one group the expression of exogenous p21 was turned on, while in the other group it was kept repressed. Approximately 48 h later cells were harvested and CAT activity was determined in the lysates prepared from both groups of cells. We reasoned that if p21 indeed enhances the repair of u.v.-type DNA damage, then those cells in which p21 was induced should display higher reporter activity than those in which it was kept repressed. Moreover, since the same pool of transfected cells were equally divided into two groups, this strategy ensured that the interpretation of results would not be confounded by the variations introduced due to multiple transfections. Figure 5 shows that indeed the group of cells, in which p21 was induced after transfection of damaged plasmid, exhibited higher CAT activity than the cells in which p21 was kept uninduced. Similar results were obtained when two other u.v.-damaged or undamaged plasmids, each expressing either an alkaline phosphatase gene from SV40 promoter enhancer or the green lantern gene under the control of CMV promoter, were used ( Figure 5) . Together these ®ndings demonstrate C ADR -Tet "p21 on" -Tet "p21 on" that the p21 induction resulted in the enhanced reactivation of three dierent u.v.-damaged reporter plasmids.
In this study we have demonstrated that the overexpression of p21 neither sensitized to nor protected from adriamycin-mediated apoptosis. Similar results were obtained when other chemotherapeutic agents such as etoposide and taxol were tested (data not shown). Overexpression of p21 itself, however, induced apoptosis as well as giant cell formation. The p21-induction did not result into massive cell killing and there was an approximately ®vefold increase in the giant cell formation under p21 induced state; the giant cells ultimately underwent apoptosis. The p21-induced apoptosis and giant cell formation occurred late; the fact that not all the cells exhibited these features and were able to tolerate the higher p21 levels would suggest that p21 may not directly trigger or execute apoptosis. Given the heterogeneous nature of cancer cells, it is conceivable that some cells may successfully accumulate genetic and/or epigenetic alterations allowing them to tolerate higher levels of p21; such secondary or`compensatory' changes may also confer resistance to cell death. In other cells, however, the elevated p21 by inducing complete and sustained growth arrest may secondarily activate the intrinsic cellular program(s) leading to giant cell formation and/ or apoptosis. Thus, depending on cell type and growth conditions, p21 may exert an indirect in¯uence to either induce or protect from apoptosis. Recent studies have shown that the primary human tumors of various types exhibit higher p21 expression than their corresponding normal tissues (DiGuiseppe et al., 1995; Zhang et al., 1996; Johnson et al., 1996; Jung et al., 1995) . In view of its growth-suppressive eects, the overexpression of p21 in fast growing and more aggressive tumor tissues appear paradoxical. Given that the tumor cells tend to tolerate the deregulated overexpression of p21 as we noted in current study, the Figure 4 Clonogenic survival in the presence or absence of p21 following u.v. treatment. Cells were plated at a very low density in medium supplemented with tetracycline. Approximately 24 h later cells were washed with PBS and fresh medium with or without tetracycline was added to respective plates; 6 h later (when p21 was already induced in plates with no tetracycline), cells were exposed to indicated doses of u.v.-irradiation in 254 nm range. Approximately 20 h post u.v.-irradiation medium supplemented with tetracycline (to repress p21) was added to all plates and changed every other day; colonies were counted 12 days later. Values are expressed relative to untreated values which were de®ned as 100 and are mean+s.e.m. of four trials each assayed in duplicate -radiation (254 nm) while undamaged plasmids were used as controls. Cells were transfected with respective plasmids using lipofectamine (for CAT plasmids) or calcium phosphate DNA precipitation method. In cases of CAT and Alk phos, cells growing in the presence of tetracycline were harvested 24 h later and divided into two groups; in one group p21 was induced while in other p21 was kept repressed. Approximately 48 h later cells were processed to determine CAT activity (Smith et al., 1994) or stained with speci®c substrate for alkaline phosphatase and the positive cells (red or pink in color) were counted. Values (mean+s.e.m. in arbitrary units) are expressed relative to uninduced values where uninduced value was considered as 100. In case of Lantern plasmid the positive cells were identi®ed as green¯uorescent cells which were counted using a¯uorescent microscope overexpression of p21 by faster growing cells in cancerous tissue may not seem paradoxical. Additional studies may reveal that the postulated correlations among parameters such as overexpression of p21, resistance to cell death and tumor aggressiveness may not be incongruous. More studies are, therefore, indicated to investigate whether overexpression of p21 in cancerous tissue can serve as a marker of tumor aggressiveness and poor prognosis.
We further demonstrated that the transient overexpression of p21, in the absence of wild-type p53, was sucient to enhance clonogenic survival following u.v.-irradiation but did not alter clonogenic survival after adriamycin treatment. u.v.-irradiation-induced DNA damage is repaired via NER pathway while adriamycin induced DNA damage is not. The transient overexpression of p21 also stimulated the eciency of these cells to repair the exogenously introduced u.v-damaged reporter plasmids. Taken together these ®ndings support the notion that p21 may play a role in facilitating excision repair of damaged DNA. The previous in vitro studies demonstrated that p21 either inhibited (Pan et al., 1995) or had no eect on the repair of u.v.-type DNA damage Shivji et al., 1994) . In a recent in vivo study McDonald III et al. (1996) reported a two to ®vefold decrease in the repair eciency of p21 7/7 HCT116 cells; introduction of adenovirus-mediated p21 enhanced the repair eciency of p21 7/7 cells while p21 lacking the PCNA binding domain did not. HCT116 cells contain wildtype p53; given the postulated role of p53 in stimulation of excision repair (Smith et al., 1995) the possibility, therefore, remained whether p21 might function as one of the many components of p53 controlled machinery to facilitate excision repair. Our present results demonstrate that p21 may enhance the repair of u.v.-type DNA damage even in the absence of wild-type p53. Thus p21 does not appear to strictly require wild-type p53 function in order to modulate the u.v.-type DNA damage repair process. The u.v.-radiation used in our study is that of u.v.-C type and induces not only pyrimidine dimers formation but also generates other photoproducts which may alter the cell cycle progression. We, therefore, can not rule out the remote possibility of cell cycle eect on the alterations in the clonogenic survival as well as on the reporter activity in the host cell reactivation experiments. Thus the exact mechanism(s) as to how p21 enhances the repair of u.v.-type DNA damage remains unclear and must await further studies. However, since functional PCNA is an important constituent of the machinery that repairs u.v.-type DNA damage (Sancar, 1994) and the fact that p21 directly interacts with PCNA, it appears likely that the mutual interactions among p21, PCNA, perhaps Gadd45 and other as yet unidenti®ed molecules may modulate the NER repair process.
